This paper demonstrates the correct application of discounted cash flow methodology for evaluating and designing energy and chemical production plants. Such processes usually correspond to capital intensive long-term projects. Simple economic criteria, like the profit or production cost are insufficient for this type of decision making because they do not take into account the time value of money and underestimate the profitabilities of the evaluated plants. This paper shows that some of those criteria based on the discounted cash flows establish suitable compromises between long-term cash flow generation and profitability. As several alternative options are usually evaluated in parallel, it is shown how to rank mutually exclusive alternatives properly and how to select the best option from among them. Two large-scale case studies demonstrate that using discounted cash flow methodology can result in substantially different decisions than non-discounted criteria, however, these decisions are affected by several input parameters.
INTRODUCTION
The economic analyses of energy and chemical production plants are usually based on the evaluations and comparisons of the capital and production costs, while the increases in companies (or the public) values over the entire lifetime are often neglected. Moreover, the profitabilities of the evaluated plants, i.e. the capability for fast turnover of invested capital, are not taken into account. Consequently, the minimization of the operating costs would produce those process solutions with slow capital return [1] . OECD predicted that "Energy sector reform will require new investment -some 46 × 10 12 USD before 2050 -to improve energy efficiency, increase carbon capture and storage, deploy more renewable energy, and support new technologies" [2] . It is to be expected that potential investors in these huge projects would tend to achieve suitable profitabilities for their capital as well as a sustainable long-term cash flow generation.
Over recent years, a lot of techno-economic studies have been performed in order to evaluate the economic and energy efficiencies, as well as the environmental impacts of energy and chemical production plants. Economic feasibility models are often developed for evaluating the attractiveness of the investment in various production facilities, such as activated carbon from waste particle boards [3] . In some countries, coal is still a very important raw material, and therefore the coal-to-olefins process was compared to the oilto-olefin process in order to establish under what conditions the coal-based processes would be economically competitive [4] . Xiang et al. [5] performed a techno-economic analysis of the coal-to-olefins process with and without Carbon dioxide (CO2) capture, and the methanol-to-olefins process. They compared the capital investment and the production costs, and established the effects of the capacity, CO2 tax and raw material prices. Techno-economic analyses of two processes for CO2 capture and utilization, i.e. methanol synthesis and CO2 mineralization, showed that the second option was more advantageous in terms of energy consumption and CO2 emissions, while the first one was in economic terms [6] . Biomass-based fuel production was evaluated for the minimum fuel selling price that would make the net present value equal to zero. It was established that such a fuel is not yet competitive with oil-based equivalent products [7] .
The coproduction of energy and chemicals is a very interesting option for improving economic potential and decreasing the environmental impacts. Evaluation of the electricity and Hydrogen (H2) coproduction from coal and biomass mixtures within Integrated Gasification Combined Cycle (IGCC) plants including CO2 Capture and Storage (CCS) revealed the calculated cost of H2 at below 3 USD/kg, which would be acceptable [8] . Several coal gasification processes were compared, and the CO2 tax rates were established at which CO2 capture and utilization would become economically attractive regarding the production cost [9] . An interesting option for utilizing CO2 was presented by Man et al. [10] , who proposed a novel process in which CO2 from coal gasification reacts with the methane from the coke-oven forming the syngas for olefins production. While the capital investment and CO2 footprint of the proposed process are significantly lower than the conventional olefin process, its production cost is somewhat higher. A cash flow analysis was applied for determining a selling price of biodiesel produced from algae yielding a good value of 1.1465 USD/L (4.34 USD/gal) [11] . An municipal solid waste project was optimized by maximizing the surplus of the revenue over the cost [12] . CO2 utilization for dimethyl carbonate production was evaluated in terms of energy consumption, CO2 emission, global warming potential and human toxicity-carcinogenic [13] . A new application to waste glycerol was studied by producing polyesters yielding competitive production cost in comparison to the market prices [14] .
Many of the above cited papers applied simplified economic figures without taking into account the inherent time value of money. This basic financial principle can be simply described as "a dollar today is worth more than a dollar tomorrow" [15] . The discounted cash-flow methodology takes into account this principle by discounting all future cash flows to the present value at a selected point in time. The most popular economic criteria based on the discounted cash flow analysis are the Net Present Value (NPV) and the Internal Rate of Return (IRR). While the former measures the long-term capability of the economic value creation, the latter represents a relative measure of the capital's efficiency or profitability. The investors and designers would tend to achieve the best of both.
When evaluating a single process alternative, NPV and IRR provide useful information about its economic potential. However, when several options are assessed in order to finally select one of them, both criteria can lead to different conclusions. It was demonstrated that IRR is inappropriate for selecting between mutually exclusive alternatives as it does not take into account the level of investment directly but rather favors low ratio between the investment level and cash flows [16] . IRR is more appropriate for short-term projects because it does not stimulate a growth of the company over the long-term by a sustainable cash flow generation, but rather forces speculative quick payback projects. On the other hand, the NPV increases a company's value over the long-term at somewhat lower rate of return but provides suitable trade-offs between the profitability, operational efficiency, and environmental performance [17] .
The literature survey revealed that large-scale long-term projects for energy and chemicals production are often evaluated through the capital and production costs only. The importance of the discounted cash flow analysis is often overlooked. The intention of this paper is to fill this gap by demonstrating the proper evaluation of projects through discounted cash flow analysis, correct selection between mutually exclusive projects, and the influences of input parameters like the tax rate, discount rate, and CO2 tax on decisionmaking within the economic evaluations of projects. Detailed calculations of practical examples are provided, enabling the readers to clearly follow the calculations, which is often missing in other papers.
Multi-criteria evaluations of various process options are useful for assessing their performance from several points of view [18] , however, a more general tool for the final selection of an optimum alternative needs to be provided. This paper will emphasize a less known fact that suitable compromises between the long-term value generation and profitability can be established by using some specific economic criteria based on the discounted cash flows. The use of these criteria should be promoted within the scientific community. Alternative formulations of NPV are introduced like annualized net present value and value growth per unit of product, in order to enable a clearer interpretation of the net present value, which would be more convenient for process engineers.
DISCOUNTED CASH FLOW ANALYSIS
The discounted cash flow analysis is based on the concept of discounting, which introduces the time value of money, meaning that earlier cash flows are worth more to investors than the later ones. The mathematical operation of discounting is inverse to compounding [15] , and can be expressed by eq. (1) which represents the present value of the cash flow anticipated at the end of year i:
where VP is the present value (EUR) of the cash flow FC,i (EUR/y) at the end of year i, rd discount rate, and i the number of years from the selected origin in time. The cash flow is calculated by eq. (2):
where FC is the cash flow (EUR/y), rt the tax rate (-), R the revenues (EUR/y), E the expenditures (EUR/y) like fixed and variable production costs, and D is annual depreciation (EUR/y). The latter is calculated based on fixed capital investment, by usually applying a straight-line method. The total capital investment is the sum of the fixed capital and the working capital. During a preliminary analysis, fixed capital is evaluated based on the purchase prices of process units which are then multiplied by special factors, the so-called Lang factors [19] , in order to estimate the fixed capital investment including the installation cost, indirect cost (engineering and construction), and contractor's fee and contingency. The typical values of the Lang factors could be assumed at around 3.1 for plants processing mostly solids, 3.6 for processing solids and fluids, and 4.7 when processing only fluids [20] .
Working capital includes inventories of raw material, products, spare parts, in-process inventories, and cash and accounts receivable, and can be roughly estimated at 15% to 20% of the fixed capital investment [20] , which corresponds to 13%-17% of the total capital.
The most typical discounted-cash-flow-based economic criteria for alternatives evaluation are the net present value and the internal rate of return. NPV is the sum of all discounted cash flows of the project including the positive and negative cash flows as well as the discrete and continuous cash flows throughout the entire life-cycle of the project:
where VNP is the net present value (EUR), IT is the total capital cost (EUR), and n the project's lifetime (y). Assuming constant cash flows from the operation during the entire lifetime, the NPV can be expressed as:
where IW is the working capital (EUR), IF,salv is the salvage value of the fixed capital (EUR), and fPA is the present value annuity factor:
IRR is defined as the discount rate at which the NPV becomes 0:
Eq. (5) for fPA is inserted within eq. (6), resulting in the expression:
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The IRR of the project (rd = rIRR) is calculated iteratively from eq. (7). The interpretations of NPV and IRR can be somewhat ambiguous. The NPV is an absolute measure the magnitude of which does not provide very useful information when evaluating a single project, with the exception of its positive or negative sign. The IRR is a relative measure which expresses the ratio between the cash flow and investment, and favors low investment projects.
These indicators based on the annualized monetary figures are easier to interpret and therefore, the criteria like the equivalent annual cost or annualized NPV can also be applied. The annualized Net Present Value (NPVan) is defined as the NPV of the project divided by the present value factor, eq. (8), and represents those equivalent annual cash flows that yield the total present value equal to VNP:
where VNP,an is the annualized net present value (EUR/y). The equivalent annual total cost is then the negative of the annualized net present value. The annualized net present value has a similar interpretation to that of the annual profit, yet considers the time value of money.
The annualized net present value can be further distributed over the annual production, thus yielding a company's value growth per unit of product (NPVprod):
where VNP,prod is the value growth per unit of product (EUR/kg or EUR/kWh), and pr is the annual production rate (kg/y or kWh/y). The NPV per unit of a product can be compared to product's selling price: the higher the ratio between the two, the higher the value growth per unit of sales turnover.
SELECTION BETWEEN MUTUALLY EXCLUSIVE ALTERNATIVES
The most common type of decision-making in engineering practice is a selection between mutually exclusive alternatives, where exactly one (or none) alternative should be selected. A typical dilemma in such cases is whether it is economically justifiable to select a more expensive alternative or, alternatively, select the one with the lower total capital cost. The profit and the total annual cost are often used in practice for this purpose, however, they are accounting figures which are not based on the discounted cash flows, and favor designs with high investment and high cash flows but low profitabilities and slow turnovers [1] .
The incremental criteria based on discounted cash flows should be used for selecting between mutually exclusive alternatives. These criteria are defined by using differences in economic categories between the more and less expensive alternatives. For example, the incremental NPV is defined as:
where ∆VNP represents the incremental net present value, ∆IT is the difference between the total capital costs of more and less expensive alternatives, and ∆FC is the cash flow difference. The more expensive alternative should be selected if its individual NPV is positive and the incremental NPV is larger than or equal to 0. Similarly, the incremental IRR (∆rIRR) is calculated from eq. (11): 
A more expensive alternative should be selected if it's individual IRR ≥ MARR and if the incremental IRR ≥ MARR, where MARR stands for the minimum acceptable rate of return determined by the management. If more than two alternatives are evaluated, they should be ordered by increasing capital investment and evaluated regarding the
Note that both individual and incremental NPVs can be used for proper selection between mutually exclusive alternatives. Selection of the alternative with the highest individual NPV would produce the same result as the incremental NPV criterion larger than or equal to 0. Individual and incremental IRRs, however, could produce different results. The criterion of the highest individual IRR would select the alternative with the highest ratio of cash flow vs. capital cost. On the other hand, the condition for incremental IRR ≥ MARR would lead to the same choice as the maximum individual NPV and incremental NPV ≥ 0 [15] . The investment levels and cash flows in this case would be usually higher than that of the maximum IRR solution. Table 1 summarizes the correctness of various criteria for evaluating a single alternative as well as selecting between mutually exclusive alternatives. 
DISCOUNTED CASH FLOW ANALYSIS CASE STUDIES
This section presents two process case studies that illustrate the importance of performing thorough economic assessments based on the discounted cash flow analysis when evaluating processes for the production of energy and chemicals.
Case study 1. Coal to olefins vs. Oil to olefins
The first example is taken from Xiang et al. [3] , who made a comparison of two processes: Coal To Olefins (CTO) with a capacity of 0.7 Mt/y, and Oil To Olefins (OTO) with a capacity of 1.5 Mt/y. In a CTO process, coal is gasified, following by methanol synthesis, and olefin synthesis. An OTO process involves naphtha cracking, quenching of cracking gas, separating gasoline and fuel oil, gas washing and drying, and final separation of olefins. The CO2 emission of OTO process is significantly lower than the CTO process, however, many countries have large reserves of coal but scarce resources of oil. It is therefore expected that coal would be the important raw material for the production of energy and chemicals during the following decades.
It could be derived from the original literature [3] that the CTO process has considerably lower production cost due to the low coal price, however, the investment in this process is significantly higher than the OTO process. Table 2 presents the main economic figures obtained from the cited reference. The exchange ratio 0.1212667 EUR/CNY was used to convert the yuan to EUR. Discounted cash flow analysis. Based on the information in Table 2 , a thorough economic assessment based on the discounted cash flow analysis is performed assuming an average price of the olefins 1,250 EUR/t. This study reveals:
• The revenue from selling the olefins amounts to 875 M EUR/y for the CTO process, and 1,875 M EUR/y for the OTO process ( Similarly, the depreciation of OTO process is obtained at 63.75 M EUR/y.
• The cash flow is calculated assuming a 20% profit tax rate (corporate income tax rate) for the CTO process: 
In a similar way, the cash flow of the OTO process is estimated to be 203.14 M EUR/y, as shown in Table 3 .
• Assuming a 20 years lifetime and 10% discount rate, the present value annuity factor is 8.5136. The NPV of the CTO process is calculated as: NP 20 307.24 1,831.91 0.04 2,139.14 8.5136 347.47 = 875.64 M€ 1.1
In a similar way, the NPV of the OTO process is calculated at 219.56 M EUR.
• The IRR of the CTO process is calculated to be 15.49%, and of the OTO process 11.95%, while the incremental IRR of the difference (CTO-OTO) is 24.27%. Based on the results in Table 3 , it could be concluded that the CTO process at 1.38-times higher total capital cost and half of production capacity compared to the OTO process generates about 1.7-times higher cash flow which results in 4 times higher net present value. Both IRRs are higher than 10%, however, the incremental IRR of the CTO minus the OTO process is considerably higher than 10%, i.e. 24.27%, indicating that the selection of a more expensive CTO process would be economically favorable over the OTO process, not only with regard to the NPV criterion but also regarding the IRR criterion.
The ratio between NPVprod and the selling price of olefins (1,250 EUR/t) is 0.1175 for CTO process and 0.0137 for OTO process, which also confirms the higher value growth in the case of CTO process. The break-even price of olefin which gives NPV equal to zero is 1,066 EUR/t for the CTO process, and 1,228.5 EUR/t for the OTO process, which indicates less sensitivity of the CTO process to reduction of product's price.
The influence of capacity variations. The influence of variations in production capacities on both processes is studied based on the data in the original paper [3] . Figure 1 shows that the NPV of the CTO process would be positive at all capacities within the studied range from 0.3 Mt/y to 2 Mt/y, while the NPV of the OTO process would become positive only above the production rates of 1.1 Mt/y.
The curves in Figure 1 are obtained at a 10% discount rate. At higher discount rates, however, break-even capacities would occur at higher capacities, for example, at 0.58 Mt/y for the CTO process when using 14% discount rate, while the NPV of the OTO process would remain negative over the entire range of the studied capacities from 0.3 Mt/y to 2 Mt/y. The influence of CO2 tax. The NPV analysis is repeated by including CO2 tax into the operating cost. Xiang et al. [3] reported that the CTO process emits 4.05 Mt CO2 per year, and the OTP process 1.55 Mt/y. Assuming a CO2 tax rate of 20 EUR/t, the annual CO2 tax amounts to 81 M EUR/y for the CTO process with a capacity of 0.7 M EUR/y, and 31 M EUR/y for the OTO process with a capacity of 1.5 MT/y. These taxes also reduce the final cash flows yielding lower NPVs, i.e. 323.5 M EUR for the CTO and 9.5 M EUR for the OTO process. The NPV of the CTO process would remain positive at CO2 taxes up to 32 EUR/t, while the NPV of the OTO process, despite the lower CO2 emission, only up to 21 EUR/t (Figure 2 ). The inclusion of CO2 tax also affects the relation between the NPV and the production capacity. Figure 3 presents the situation at a CO2 tax rate of 20 EUR/t. The NPV of the CTO process would become positive at an annual production rate of 0.5 Mt/y, while the OTO process would be at 1.5 M EUR/y. It could be concluded, that the production of olefins from coal would be economically more viable than from oil because of lower production cost as a result of lower raw material price. 
Case study 2. Gas assisted coal to olefins
A coal-based production of olefins with feed-in coke-oven gas is taken as a next demonstration case [10] . This case study presents an integrated systems in which CO2 capture technologies are combined with the production of chemicals, thus representing a very promising option for CO2 footprint reduction.
In this process coal is gasified in order to produce crude syngas from which sulphur and CO2 are removed by Acid Gas Removal Technology (AGR). The separated CO2 is sent to a Dry Methane Reforming unit (DMR) where it reacts with the methane which was separated from the coke-oven gas, thus producing syngas. This process also includes a Steam Methane Reforming unit (SMR) in which methane reacts with steam producing a syngas with a high ratio of H/C. By mixing the syngas streams from the AGR, DMR and SMR units, an appropriate inlet stream could be obtained for methanol synthesis with a required H/C ratio of around 2.1. The lifecycle CO2 emission of such a process was estimated to be around 85% lower compared to the conventional coal-based olefin production. The capacity of olefins production is 600,000 t/y on both processes.
In the economic analysis, the authors of the original paper [10] determined the total capital cost and the production cost of the proposed coke-oven gas assisted coal to olefins (GaCTO) process, and compared these figures to the conventional CTO process. Table 4 presents the main economic figures obtained from the cited reference. The exchange ratio 0.121226 EUR/CNY is used, salvage value of fixed capital is assumed to be 0. From the results in Table 4 , the authors concluded that the proposed GaCTO process has lower total capital cost but higher production costs, however, if the CO2 tax were to be introduced at a rate of around 18 EUR/t (150 CNY/t) this novel process would be superior over the traditional process regarding the costs.
Discounted cash flow analysis. The results from the discounted cash flow analysis are presented in Table 5 assuming 20 years lifetime and 10% discount rate. The internal rate of return of the CTO process amounts to 14.32%, and of the GaCTO process to 15.76%, while the incremental IRR of the difference (CTO-GaCTO) is 10.76%. It could be concluded that at 20% profit tax rate and 10% discount rate, the NPVs of both processes would be highly positive, however, the NPV of the CTO process is higher than the GaCTO. In contrast, the IRR of the conventional CTO process is lower than the GaCTO process. This implies that the NPV and IRR criteria would result in a different ranking of the alternative options.
Anyway, considering that individual IRR is an inappropriate measure for selection between mutually exclusive alternatives, the process with the higher NPV should be selected, that is the more expensive CTO process which still has a satisfactory profitability, i.e. IRR (14.32%) higher than MARR (10%). This is in compliance with the value of the incremental IRR = 10.76% which is also higher than 10%, indicating that selection of the more expensive process CTO is economically justified.
The influence of discount rate. As was shown in the previous section, the CTO process would be preferable at 10% discount rate. If stricter discount rates were requested because of higher risk, for example, the GaCTO process would be economically superior over the conventional one at discount rates above 11% (Figure 4) . However, the NPVs of the CTO and GaCTO processes would become negative above 14% and 16%, respectively. This indicates how sensitive the outcomes of the decision-making process would be to input parameters used during the economic evaluations. The influence of the profit tax rate. The effect of the corporate tax rate is shown in Figure 5 at a constant discount rate 10%. It follows that at tax rates below 27% the conventional CTO process would be preferable, however, in those countries with higher tax rates the new GaCTO process would be better.
If lower discount rates were used, the CTO would be preferable even at higher tax rates. For example, by using 8% discount rate, the CTO process would have higher NPV than the GaCTO up to tax rates of 43%. On the other hand, at 14% discount rate, the GaCTO would be better at any tax rate. The influence of CO2 tax rate. The authors in their paper [10] also studied the influences of CO2 tax, and found out that at values below 18 EUR/t CO2 (150 CNY/t) the conventional CTO process would be preferable regarding the production cost, while above that value the GaCTO process. In this paper the analysis is performed using the NPV criterion at 10% discount rate and 20% tax rate which reveals that the GaCTO process would already become preferable at a CO2 tax of around 2 EUR/t ( Figure 6 ). However, if the discount rate were to approach zero, the break-even CO2 tax rate would approach 18 EUR/t. At the very high profit tax rates, e.g. 40%, the new process GaCTO would be preferred over the CTO process at all CO2 tax values. Figure 6 . The effect of the CO2 tax on the NPV It also follows from Figure 6 , that the NPV of the GaCTO process is much less sensitive to the CO2 tax rate, and remains positive even at high values because of significantly lower CO2 emission. In contrast, the NPV of the CTO process decreases rapidly, and becomes negative above the CO2 tax of 28.5 EUR/t CO2.
CONCLUSIONS
This paper highlighted the importance of using discounted cash flow methodology during the economic evaluations of capital-intensive long-term projects for energy and chemical production. Many important and useful information for decision making can be extracted from those economic analyses based on the discounted cash flows.
It was shown that evaluating capital and production cost provides insufficient information for long-term decision making. Those economic criteria based on the discounted cash flow methodology, like the NPV criterion, assure proper selection between mutually exclusive projects, and provide compromise process solutions with stable long-term value generation at suitable profitability. The processes for energy and chemical production, potentially also including CO2 capture technologies, present capital intensive long-term projects, where the investors cannot expect short payback times and quick turn-overs. Investors of "patient" capital should be willing to accept lower returns and longer payback periods, yet still at suitable profitability. These types of process designs can be produced when using proper economic decision criteria based on the discounted cash flow methodology. Although some additional input parameters would be required that can be a subject of a specific level of uncertainty and variability, e. g. discount and tax rates, these criteria should be used systematically for evaluating energy and chemical production plants. 
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